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Hand-foot-genital syndrome (HFGS) is a rare, dominantly inherited condition affecting the distal limbs and gen-
itourinary tract. A nonsense mutation in the homeobox of HOXA13 has been identified in one affected family,
making HFGS the second human syndrome shown to be caused by a HOX gene mutation. We have therefore
examined HOXA13 in two new and four previously reported families with features of HFGS. In families 1, 2, and
3, nonsense mutations truncating the encoded protein N-terminal to or within the homeodomain produce typical
limb and genitourinary abnormalities; in family 4, an expansion of an N-terminal polyalanine tract produces a
similar phenotype; in family 5, a missense mutation, which alters an invariant domain, produces an exceptionally
severe limb phenotype; and in family 6, in which limb abnormalities were atypical, no HOXA13 mutation could
be detected. Mutations in HOXA13 can therefore cause more-severe limb abnormalities than previously suspected
and may act by more than one mechanism.
Hand-foot-genital syndrome (HFGS [MIM 140000]) is
a rare, dominantly inherited condition characterized by
distal limb and distal genitourinary tract malformations.
To date, only eight affected families and one sporadic
case have been reported (Stern et al. 1970; Poznanski et
al. 1975; Giedion and Prader 1976; Elias et al. 1978;
Goeminne 1981; Verp et al. 1983; Halal 1988; Hen-
nekam 1989; Verp 1989; Cleveland and Holmes 1990;
Donnenfeld et al. 1992; Fryns et al. 1993). In the limbs,
the most striking abnormality is first-digit hypoplasia,
comprising short, proximally placed thumbs with hy-
poplastic thenar eminences and short, medially devia-
ted halluces. There is also ulnar deviation of the second
fingers, clinodactyly/brachydactyly of the fifth fingers,
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brachydactyly of the second to fifth toes, and delayed
ossification, fusion, and shortening of the carpals and
tarsals. These abnormalities appear to be fully penetrant,
bilateral, and symmetrical, with little variation in sever-
ity. By contrast, the genitourinary tract abnormalities are
incompletely penetrant and variably severe. Genital ab-
normalities include hypospadias in males (Poznanski et
al. 1975; Giedion and Prader 1976; Goeminne 1981;
Halal 1988; Donnenfeld et al. 1992; Fryns et al. 1993)
and Mu¨llerian duct fusion defects in females (Stern et
al. 1970; Halal 1988; Donnenfeld et al. 1992). The latter
range from isolated longitudinal vaginal septum to dou-
ble uterus with double cervix and have resulted in fetal
loss or neonatal death in at least three families. Urinary
abnormalities include ectopic ureteric orifices, vesicour-
eteric reflux and pelviureteric junction obstruction (Poz-
nanski et al. 1975; Verp et al. 1983; Halal 1988; Don-
nenfeld et al. 1992), and can lead to chronic pyelone-
phritis, renal insufficiency, and renal transplant. HFGS
has been shown in one affected family to be caused by
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Figure 1 Pedigree drawings. A, Family 1; B, family 2; C, family
3;D, family 4; and E, family 5. Black shading of the left half of symbols
indicates hand and foot abnormalities. Gray shading of the right half
of symbols indicates genital abnormalities (hypospadias or other penile
abnormality in males; uterine and/or vaginal abnormalities in females).
An asterisk (*) above a symbol indicates that the individual had a
urinary tract abnormality on diagnostic imaging.
a nonsense mutation in the homeobox of HOXA13
(Mortlock and Innis 1997), thus making it only the sec-
ond humanmalformation syndrome known to be caused
by a HOX gene mutation. (The first was synpolydacty-
ly [MIM 186000], which is caused by mutations in
HOXD13 [Akarsu et al. 1996; Muragaki et al. 1996;
Goodman et al. 1997, 1998]). In this report, we describe
five novel mutations in HOXA13 identified during a
study of two new and four previously reported families
with features of HFGS.
Families 1 and 5 were ascertained after referral for
genetic counseling to the Kennedy-Galton Center at
Northwick Park Hospital, London, and the Department
of Medical Genetics at the University Medical Center,
Utrecht, respectively. In family 1 (fig. 1A), the proband
(II.2) had hand and foot abnormalities typical of HFGS
(fig. 2) as well as a short penis tethered inferiorly to the
scrotal sac. His parents and two sibs were clinically un-
affected. In family 5 (fig. 1E), the proband (II.1) had
severe hand and foot abnormalities, including extremely
short thumbs, absent halluces, and marked hypoplasia
of all middle phalanges (fig. 3), as well as glandular
hypospadias. He was the only child of clinically normal
parents. Families 2 (Fryns et al. 1993), 3 (Cleveland and
Holmes 1990), 4 (Elias et al. 1978; Verp 1989; Verp et
al. 1983; Donnenfeld et al. 1992), and 6 (Hennekam
1989) were reported elsewhere. Follow-up of family 3
(fig. 1C) revealed that II.1, who was known to have
typical limb abnormalities, also had a septate uterus and
bilateral vesicoureteric reflux, resulting in recurrent uri-
nary tract infections; her newborn son, III.1, had typical
limb abnormalities with penile hypospadias and absence
of the distal foreskin. Another affected male, IV.2, was
also ascertained in family 4 (fig. 1D); he had typical limb
abnormalities, penoscrotal hypospadias, severe chordee,
and a bifid scrotum.
Blood samples were obtained from consenting indi-
viduals (family 1: I.1, I.2, and II.2; family 2: I.1, I.2,
II.1, II.2, and II.3; family 3: I.1, I.2, and II.1; family 4:
I.2, III.1, III.3, and III.5; family 5: I.1, I.2, and II.1; and
family 6: the proband), with the approval of the local
ethical review boards. To search for mutations in
HOXA13, the coding sequence of the gene (GenBank)
was amplified by PCR in four overlapping segments.
Amplified fragments were subcloned into pCR-Script
(Stratagene), cycle sequenced (Applied Biosystems Prism
Dye Terminator Kit), and analyzed on an ABI 377 se-
quencer (Applied Biosystems). The sequence obtained
differs at nine positions from that previously reported,
and these corrections have been submitted to GenBank.
Segregation of the mutations identified was assessed by
restriction digestion of amplified fragments if possible
and direct sequence analysis if not.
In family 1, II.1 was heterozygous for an ArC sub-
stitution in exon 1 at base 407 (fig. 4A; base numbers
refer to the coding sequence, starting at the first residue
of the initiator codon). His unaffected parents did not
carry the mutation, confirming that it had arisen de
novo; it converts a serine residue to a stop codon and
is predicted to result in a truncated protein containing
only the first 135 amino acids of the wild-type protein
(fig. 4C). In family 2, I.1 was heterozygous for a CrT
substitution in exon 1 at base 586 (fig. 4A). The same
mutation was identified in II.1 and II.3 but not in II.2;
it converts a glutamine residue to a stop codon and is
predicted to result in a truncated protein containing only
the first 195 amino acids of the wild-type protein (fig.
4D). In family 3, II.1 was heterozygous for a CrT sub-
stitution in exon 2 at base 1093 (fig. 4A). The same
mutation was present in I.1; it too converts a glutamine
residue to a stop codon and is predicted to result in a
truncated protein containing only the first 364 amino
acids of the wild-type protein (fig. 4E). In family 4, III.1
was heterozygous for a 24-bp in-frame insertion in exon
1 after base 387 (fig. 4A). This insertion occurs in a
stretch of 18 imperfect trinucleotide repeats encoding
the third of three N-terminal polyalanine tracts. It prob-
ably arose by duplication of repeats 7–14 and expands
the tract from 18 to 26 alanines. I.2, III.3, and III.5
carried the same expansion, which must thus have re-
mained stable over at least three generations. In family
5, II.1 was heterozygous for an ArC substitution in exon
2 at base 1114 (fig. 4A). Neither of his unaffected par-
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Figure 2 Limb abnormalities in II.2 from family 1 at age 8 years. Photographs of left hand (A), showing short, proximally placed thumb,
ulnar deviation of the second finger, and clinodactyly of the fifth finger; and left foot (B), showing short, medially deviated hallux. Radiographs
of both hands (C), showing short first metacarpals, small pointed first distal phalanges, hypoplastic second and fifth middle phalanges, proximal
pseudoepiphyses of the second metacarpals and delayed ossification of the carpal centers; and both feet (D), showing short first metatarsals,
small triangular first proximal and distal phalanges, absent ossification of the third to fifth middle phalanges, and hypoplasia/absence of the
distal phalanges.
ents carried the substitution, confirming that it had
arisen de novo. This substitution converts the 51st res-
idue of the homeodomain from asparagine to histidine.
In all five families, the limb abnormalities were fully
penetrant, bilateral, and symmetrical, with analogous
involvement of the hands and feet. In particular, II.2
from family 2, who was previously reported as affected
but whose limbs were normal, turned out not to carry
the familial mutation, highlighting the diagnostic im-
portance of limb abnormalities. By contrast, even when
our new data are included, genital abnormalities have
been noted in only 16 of 30 males and in 9 of 16 females,
and urinary abnormalities have been noted in only 2
males and 6 females.
In the proband from family 6, no mutation was found
in the entire coding region, the last 33 bases of the 5′
UTR, the first 31 and last 39 bases of the intron, or the
first 34 bases of the 3′ UTR, although a regulatory mu-
tation outside these areas cannot be excluded. A routine
karyotype was also normal. Unfortunately, stored met-
aphase spreads were not available to test by FISH for a
microdeletion involving 7p14, where the HOXA cluster
is located, nor were blood samples from additional fam-
ily members available to test for linkage to 7p14. In this
family, there were no limb abnormalities other than
short halluces, and no males had hypospadias, although
three females had Mu¨llerian duct fusion defects (Hen-
nekam 1989). Family 6 thus appears to exhibit a unique
“foot-uterus” syndrome, which is dominantly inherited
but only partially penetrant and is probably not caused
by a HOXA13 mutation.
The five HOXA13 mutations identified in this study
fall into three distinct classes: three would truncate the
encoded protein, one would expand a polyalanine tract,
and one would alter an amino acid in the homeodomain.
The effects of the first two classes are clinically indistin-
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Figure 3 Limb abnormalities in II.1 from family 5. Photographs at age 1 mo of left hand (A), showing extremely small thumb; and right
foot (B ), showing absence of hallux. Radiographs at age 5 years of both hands (C), showing extremely short first metacarpals, small pointed
first distal phalanges, marked hypoplasia of all middle phalanges, especially the second and fifth, pseudoepiphyses of the third and fourth middle
phalanges and the first and second metacarpals, and delayed ossification of the carpal centers; and both feet (D), showing absence of first digits
apart from rudimentary bases of the first metatarsals, hypoplasia/absence of all middle phalanges, lack of epiphyses associated with the middle
and distal phalanges, and abnormal tarsals with absent or fused cuneiforms.
guishable, whereas those of the third are exceptionally
severe.
The truncated proteins predicted in families 1 and 2
lack the entire homeodomain, and those in family 3 lack
four key homeodomain residues responsible for con-
tacting target DNA (fig. 4C, D, and E). Three of these
residues are likewise removed by the onlyHOXA13mu-
tation that has previously been described (Mortlock and
Innis 1997; fig. 4F). In no case has the stability of the
truncated protein yet been examined. Limb abnormal-
ities virtually identical to HFGS also occur in hetero-
zygous Hypodactyly mice (Hd/), which carry a 50-bp
deletion after the 25th codon of Hoxa13, resulting in a
frameshift followed by a long tract of novel sequence
and a premature stop (Mortlock et al. 1996). Although
this truncated protein (fig. 4G) lacks the last 363 amino
acids of Hoxa13, including the homeodomain, it is nev-
ertheless stable (Post et al. 2000).
The same limb phenotype has recently been reported
in a patient with a de novo interstitial deletion at 7p14,
which encompasses the entireHOXA cluster (Devriendt
et al. 1999), suggesting that the truncation mutations,
too, result in haploinsufficiency for HOXA13. Mice
heterozygous for a targeted disruption or deletion of
Hoxa13, however, have far milder limb abnormalities
(Fromental-Ramain et al. 1996). In the forelimbs the
phalanges of digit one are occasionally fused, whereas
in the hindlimbs the claw and distal phalanx of digit
one are often malformed, with occasional 2/3 soft-tissue
syndactyly. Mice homozygous for these mutations die in
utero at 11.5–15.5 days postconception. Their first digits
are absent, and the remaining digits are hypoplastic and
webbed, but these abnormalities are again far milder
than those in Hd/Hd mice, which have only a single
incompletely formed digit on each paw (Mortlock et al.
1996).
The phenotypic differences between these mice and
humans with truncation mutations can be explained in
several ways. First, the truncated human HOXA13 pro-
teins, although unable to bind DNA specifically, may
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Figure 4 Mutations in HOXA13. A, Genomic structure of
HOXA13, showing sites of the five mutations identified in this study.
B, Wild-type HOXA13 protein. C–F, Predicted truncated mutant pro-
teins in family 1 (C), lacking the last 253 amino acids; family 2 (D),
lacking the last 193 amino acids; family 3 (E), lacking the last 24
amino acids; and family previously investigated byMortlock and Innis
(1997) (F), lacking the last 20 amino acids.G, Stable truncatedmutant
protein in the Hypodactyly mouse (Post et al. 2000), caused by a
frameshift mutation in exon 1 of Hoxa13; the first 25 amino acids
are followed by 275 amino acids with no wild-type counterpart and
a premature stop codon.
nevertheless exert a deleterious functional effect. If so,
however, all four truncated proteins must be stably ex-
pressed, and the effect must be mediated by the first 135
amino acids of HOXA13 (the only region they all share).
Strong overexpression of the Hypodactyly mutant pro-
tein (which retains only the first 25 of these amino acids
but has an additional 275 amino acids with no wild-
type counterpart) has indeed been shown to cause limb-
reduction defects but in only 3 of 15 transgenic mice
(Post et al. 2000). More plausibly, the human truncation
mutations may act as null alleles. If so, one possibility
is that the effects of haploinsufficiency for HOXA13 on
limb development are more severe in humans than in
mice. In that case, however, expression of the Hypo-
dactyly mutant protein in mice must have a very similar
effect to haploinsufficiency for HOXA13 in humans.
Alternatively, the human and mouse truncation muta-
tions may all act as null alleles, and the targeted mouse
mutations may not produce a straightforward loss of
Hoxa13 function, perhaps because insertion of the se-
lectable marker cassette used to make the mice disrupts
expression of neighboring genes in the cluster (Olson et
al. 1996).
The polyalanine tract expansion in family 4 makes
HOXA13 the second HOX protein and the fourth tran-
scription factor in which such expansions have been
shown to cause congenital malformations (Muragaki et
al. 1996; Mundlos et al. 1997; Brown et al. 1998). In
all four proteins, the polyalanine tracts are normally
short (15–18 residues) and show little or no polymor-
phism in length. The expansions are also short (7–15
extra residues) and meiotically stable. They thus differ
sharply from other pathological trinucleotide repeat ex-
pansions and are probably caused by unequal crossing
over during replication (Warren 1997). Although poly-
alanine tracts are common in homeodomain and other
transcription factors, neither their normal function nor
the effects of expansions are understood. In HOXD13
at least, such expansions do not perturb the protein’s
stability (F.R.G., unpublished data), but the penetrance
and severity of the associated phenotype increase with
increasing expansion size (Goodman et al. 1997), which
suggests a progressive gain of function, and the mutant
protein may act as a dominant negative (Za´ka´ny and
Duboule 1996). The HOXA13 polyalanine tract expan-
sion identified in this study produces the same phenotype
as truncation or deletion of HOXA13; it may therefore
simply inactivate the protein or alternatively confer a
subtle gain of function, perhaps resulting in a dominant
negative effect.
The missense mutation in family 5—the first identified
in a human HOX protein—alters an invariant aspara-
gine residue in the homeodomain’s recognition helix that
directly contacts target DNA (Wolberger et al. 1991;
Gehring et al. 1994). Replacing this residue with histi-
dine would probably not affect the resultant protein’s
synthesis or stability but would almost certainly perturb
its interactions with DNA. Although the side chain of
histidine is bulky, it is partially positive at neutral pH
and may permit DNA binding. The mutant protein
might therefore recognize new targets or fail to recognize
some of its normal ones while nevertheless retaining its
capacity to affect transcription once bound. This would
result in a novel gain of function, perhaps explaining
the exceptionally severe limb phenotype.
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